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A printed circuit heat exchanger (PCHE) with zigzag flow chan-
nels in a double-faced configuration was optimized to enhance its
thermal–hydraulic performance. Using exergy analysis, the objec-
tive function was defined as the net exergy gain of the system con-
sidering the exergy gain by heat transfer and exergy loss due to
friction in the channels. A Reynolds-averaged Navier–Stokes
(RANS) analysis and surrogate modeling techniques were used
for the optimization. Three geometric variables were selected as
the design variables. The objective function was calculated at
each design point through RANS analysis in order to construct a
response surface surrogate model. Through the optimization, both
the thermal and hydraulic performances of the PCHE were
improved with respect to the reference geometry by suppressing
flow separation in the channels. [DOI: 10.1115/1.4029849]
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1 Introduction
During the last decade, many studies have been performed on
PCHEs. PCHEs are small in size and have excellent thermal per-
formance, as has been shown both experimentally and numeri-
cally. Ishizuka et al. [1] performed experiments on a PCHE with
zigzag channels. They measured the thermal performance and
pressure drop of supercritical carbon dioxide (CO2) in the PCHE
under variations in flow rate, pressure, and temperature. Lee and
Kim [2] used 3D RANS analysis for the optimization of PCHE
channels with two design variables (the cold channel angle and
the ellipse aspect ratio of the cold channel) in order to enhance the
thermal–hydraulic performance of the PCHE.
Several surrogate-based optimizations of heat transfer devices
have been performed to enhance thermal and hydraulic perform-
ances [3–5]. In these optimizations, in order to achieve a compro-
mise between the enhancement of heat transfer and the reduction
of friction loss, a weighted sum multi-objective optimization
approach was applied to transform a bi-objective problem into a
mono-objective problem using a weighting factor. This kind of
approach requires the determination of a weighting factor in a
rational manner, but no systematic method was suggested in the
previous works.
Exergy analysis is an effective method for the analysis of energy
transfer processes. Bejan [6] investigated the fundamentals of
exergy and entropy analysis of thermofluid devices. Herwig and
Wenterodt [7] reported on their second law analysis of momentum
and heat transfer in a unit operation. They studied analytically the
flow and heat transfer assessments from an exergetic viewpoint.
Shuja [8] carried out an exergo-economic analysis for a pin-fin
array. They obtained an optimal geometry that achieved a balance
between entropy generation due to heat transfer and pressure drop.
Lee and Kim [9] performed an optimization of a dimpled cool-
ing channel with exergy analysis. However, they specified a con-
stant temperature condition on the heat transfer surface, which
can be hardly be achieved in practical heat exchangers. Therefore,
in the present study, to optimize the shape of a zigzag channel
PCHE using exergy analysis, the conjugate heat transfer between
hot and cold channels of the PCHE was calculated. The objective
function was defined as the net exergy gain considering the net
exergy gain by heat transfer and exergy loss by friction. The opti-
mum geometry was obtained using surrogate-based optimization
techniques using 3D RANS analysis.
2 Numerical Analysis
The governing equations for 3D steady turbulent flow and heat
transfer in PCHEs were solved using the commercial CFD code ANSYS
CFX-11.0 [10]. The shear stress transport (SST) model [11] with auto-
matic wall treatment was used as the turbulence closure. Unstructured
tetrahedral and prism meshes were used to construct the volume
meshes. To implement the low Reynolds number SST model, the first
grid points of prism meshes adjacent to the walls were placed at yþ
less than 1.0. A second-order accurate discretization scheme was
selected in CFX. A turbulence intensity of 5% and an autocomputed
length scale were used for the inlet turbulence conditions.
The geometry of the conventional zigzag PCHE channel used
by Ishizuka et al. [1] was employed as reference geometry with a
single-faced configuration (Refsingle-faced) to construct a base
numerical model. However, a double-faced geometry (Refdouble-
faced) was used for the optimization because Refdouble-faced showed
better performance than Refsingle-faced in a previous work [12].
Figure 1 shows the computational domains of the single and
double-faced type PCHEs. The entire computational domain con-
sists of cold channels, hot channels, and a stainless steel substrate
as described in Ref. [12]. The fluid in the hot channels flows in the
positive z direction, and the fluid in the cold channels flows in the
reverse (negative) z direction. The temperatures at the inlets of the
cold and hot channels are 123 and 138.2 C, respectively. Static
pressures were assigned at the outlets: 8312 kPa for the cold chan-
nels and 2528 kPa for the hot channels. The Reynolds numbers
based on the corresponding hydraulic diameters in the cold and hot
channels are 19,000 and 5900, respectively. The effect of Reynolds
number on performance of a PCHE was investigated in a previous
work [13]. The results suggested that the thermal–hydraulic per-
formance varied with Reynolds number, but the order of the per-
formances of the different channel shapes was kept unchanged.
Therefore, it can be expected that the optimum shape does not
change largely with the variation of the Reynolds number.
A numerical model developed in the previous works [2,12] for
the same PCHE was used in this work. The model was constructed
through a grid dependency test, validation of numerical solutions,
and a domain length test. A residual reduction factor of 108 was
used as the convergence criterion for the iterative solutions. A per-
sonal computer with an Intel Core i7 2.4 GHz CPU was used for
the computations, and the total time for obtaining each converged
solution was in the range of 15–20 hr.
3 Definition of the Objective Function Using Exergy
Analysis
When there are two different objectives (F1 and F2) to be opti-
mized in an optimization process, one of the methods to define the
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objective function (F0) is to combine the two objectives linearly
with a weighting factor a, as follows:
F0 ¼ F1 þ aF2 (1)
In the optimization of heat exchanging devices, generally, the
two objectives to be optimized are the enhancement of heat trans-
fer and the reduction of the pressure drop (i.e., the pumping
power). Thus, in many optimization studies for heat exchanging
devices [3–5], the objective function combines the objectives
related to heat transfer and pressure drop in the form of Eq. (1).
The most important problem related to this objective function is
to determine the weighting factor (a). However, there is no gen-
eral guideline for the selection of this weighting factor. In an
attempt to solve this problem, Lee and Kim [9] defined an objec-
tive function with exergy analysis considering both the heat trans-
fer and friction loss in the optimization of a dimpled cooling
channel. They were successful in deriving a general expression
for the weighting factor based on exergy analysis. However, in
their optimization, as the thermal boundary condition, the heat
transfer surface was set to be isothermal. This condition is not
practical in general heat transfer devices. Thus, in the present
work, a more general approach for the definition of the objective
function is proposed for the optimization of PCHE channels that
better represents practical conditions.
Exergy is related to the quality of the energy. The exergy can
be gained or lost by heat transfer and friction. Therefore, the net
exergy gain was used to decide which system has better perform-
ance in terms of energy savings and quality. The objective func-
tion (F) was defined as the net exergy gain as follows:
F ¼ Eth þ Ef (2)













(1 T0/T1) and (1 T0/T2) are called the Carnot factor, where T0,
T1, and T2 represent the environment temperature, and the higher
and lower temperatures between the channel wall and the working
fluid (CO2), respectively.








where T3 is the lower temperature between the temperatures aver-
aged at the channel wall and channel inlet.











Since the heat transfer rate through infinitesimal area dA is













where the Nusselt number is Nu ¼ h Dh=kð Þ, and k, h, Dh, q, A,
and Dp represent the thermal conductivity, convective heat trans-
fer coefficient, hydraulic diameter of the channel, density of the
working fluid (CO2), area of the heat transfer surface, and pressure
drop, respectively.
Therefore, the present optimization problem is to maximize the
objective function described by Eq. (6); i.e., to minimize the loss
of exergy in the system.
4 Optimization Methods
As the first step in the optimization procedure, the design varia-
bles are selected. Three nondimensional design variables (the
ratios of the fillet radius (B) at the bend of the channel, wave-
length (L), and wave height (A) of the channel wall to the hydrau-
lic diameter of the channels (Dh)) which were used in Ref. [12],
were also selected for this optimization. The variables were varied
in both the cold and hot channels in the optimization. The design
space is also same as in Ref. [12]: 3.121>A/Dh> 1.928,
Fig. 1 Computational domains of the PCHEs [12]. (a) Single-
faced-type PCHE (Refsingle-faced) and (b) double-faced-type
PCHE (Refdouble-faced).
Table 1 Results of optimization
Design variables
A/Dh L/Dh B/Dh Eth Ef FRANS Fsurrogate
Refdouble-faced 2.399 6.647 0 0.0078 0.0588 0.0666 —
Optimum 1.948 6.808 0.7579 0.0039 0.0211 0.0250 0.0246
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10.10>L/Dh> 5.049, and 0.8>B/Dh> 0.0. The design points
(experimental points) were then determined using Latin hyper-
cube sampling (LHS) [14] to build the surrogate model. The
objective function values were calculated using RANS analysis at
these design points. Finally, the response surface approximation
(RSA) model [15] was used as a surrogate model for the objective
function and was constructed using the values of the objective
function at the design points.
A gradient-based search algorithm was used to find the optimal
points on the constructed RSA model. If the optimal point is
located outside the design space, the design space should be
changed and the whole procedure is repeated.
5 Results and Discussion
The RSA model was constructed on the basis of evaluations of
the objective function using RANS analysis at 20 design points
obtained using LHS. The adjusted coefficient of multiple determi-
nation in the polynomial regression, R2adj is 0.991 for the
constructed RSA model, and this indicated that the model is
well-fitted because it falls in the range 0.9<R2adj< 1.0 [15]. The
constructed RSA model of the polynomial form for the objective
function is expressed as
F ¼ 1:274þ 0:710ðA=DhÞnor  0:782ðL=DhÞnor  2:383ðB=DhÞ
 0:807ðA=DhÞnorðL=DhÞnor þ 0:681ðL=DhÞnorðB=DhÞnor





where (A/Dh)nor, (L/Dh)nor, and (B/Dh)nor are the normalized
design variables with a range from 0 to 1 for A/Dh, L/Dh, and
B/Dh, respectively.
Table 1 shows the results of optimization. The values of the
design variables and objective functions for Refdouble-faced and the
optimum shape are shown in the table. Through the optimization,
the design variables of the optimum shape were predicted as
A/Dh¼ 1.948, L/Dh¼ 6.808, and B/Dh¼ 0.7579, which indicate
that A/Dh and B/Dh changed significantly compared to the refer-
ence shape. Through the optimization, both Eth and Ef were
increased by 50.0% and 64.1%, respectively, in comparison with
Refdouble-faced. Consequently, the net exergy gain was increased by
62.5% by the optimization. The RSA model predicted the objec-
tive function value at the optimum point with only a 1.6% relative
error compared to the calculation by RANS analysis at the same
point.
Figure 2 shows distributions of the specific enthalpy averaged
on the cross section in the cold channels. As shown in the figure,
Fig. 2 Specific enthalpy distributions in cold channels
Fig. 3 Heat flux distributions on the flat surfaces of the cold
channels. (a) Reference and (b) optimum.
Fig. 4 Velocity vector fields on plane a in a cold channel. (a)
Reference and (b) optimum.
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the optimum shape has a higher specific enthalpy gradient along
the cold channels than that of Refdouble-faced. This means that the
amount of energy transfer between the cold and hot channels of
the optimum shape is greater than that of Refdouble-faced, which can
be confirmed by examining Fig. 3 for the heat flux [10] distribu-
tion on the cold channel wall. The higher intensity of heat flux can
be found on the surface of the optimum shape. In addition, the
locations of the high heat flux are not the same.
The velocity vector fields inside the cold channels of
Refdouble-faced and the optimum design are shown in Fig. 4. In the
case of Refdouble-faced, flow separation occurred after each bending
part due to the shape of the edge. The lower heat fluxes in these
separation zones are shown in Fig. 3. On the other hand, in the
case of the optimum shape, the flow separations were suppressed
due to the increased bending angle and the rounded bending edge.
This is the main reason for the enhancement of the thermal per-
formance of the optimum design.
The effect of flow separation inside the cold channels on pres-
sure drop is confirmed in Fig. 5, which shows a comparison of the
pressure distributions between the cold channels of the reference
and optimum shapes. The flow direction in the cold channels is in
the negative z direction. The pressure drop in the optimum chan-
nels is far less than that in the reference channels due to the sup-
pression of the flow separation inside the cold channel shown in
Fig. 4.
6 Conclusion
Zigzag channels in a PCHE with a double-faced channel config-
uration were optimized to minimize the loss of exergy in the sys-
tem using RANS analysis and RSA model. The objective function
was defined as the net exergy gain generated by the friction and
heat transfer in the PCHE. The objective function values at 20
design points selected by LHS were evaluated using RANS analy-
sis to construct the RSA model for the objective function. The
optimum channel shape, which has large fillet radius and wave
height but similar channel wavelengths compared to the reference
shape, was obtained. Through the optimization, both the net
exergy gain from the heat transfer and reduction in the exergy loss
by the friction were increased by 50.0% and 64.1%, respectively,
in comparison with the reference shape. Consequently, the net
exergy gain of the system was increased by 62.5% by the optimi-
zation. The RSA model predicted the objective function value at
the optimum point with only a 1.6% relative error compared to
the calculation using RANS analysis at the same point, and it was
confirmed that heat transfer was enhanced and pressure drop was
decreased in the optimum channels compared to the reference
channels. Analysis of the flow field indicates that in the optimum
channels, suppression of the flow separations due to the bending
of the channels increases the heat transfer and reduces the
pressure drop, and thus enhances the net exergy gain. The pro-
posed optimization method with exergy analysis can be used in a
practical way for heat transfer optimization problems that need to
compromise between the enhancement of heat transfer and the
reduction of pressure drop.
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Nomenclature
A ¼ wave height of the channel (m)
B ¼ fillet radius at the bend of the channel (m)
Dh ¼ hydraulic diameter of the channel (m)
Ef ¼ exergy loss by friction (W)
Eth ¼ net exergy by heat transfer (W)
f ¼ fiction factor
F ¼ objective function
h ¼ convective heat transfer coefficient (W/(m2K))
k ¼ thermal conductivity (W/(mK))
L ¼ wavelength of the channel (m)
_m ¼ mass flow rate (kg/s)
Nu ¼ Nusselt number
_Q ¼ heat transfer rate (W)
R2adj ¼ adjusted coefficient of multiple determination in polyno-
mial regression
T0 ¼ temperature of the environment (K)
T1 ¼ higher temperature between channel wall and the working
fluid (K)
T2 ¼ lower temperature between channel wall and the working
fluid (K)
T3 ¼ lower temperature between averaged channel wall and the
channel inlet (K)
z ¼ flow direction in hot channels
Greek Symbols
a ¼ weighting factor
qavg ¼ average density of working fluid (kg/m3)
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